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The effect of synthetic and naturally occurring polyamines on bacterial growth was studied. The tetra-amine spermine was the most potent antibacterial agent and showed maximal activity at high pH values. The antibacterial action of the triamines was dependent upon the number of the primary amino groups in the polyamine molecule and was maximal when it contained a -N(CH,),N-moiety. Polyamines, in low concentrations, stimulated the incorporation of [14C] uracil into the nucleic acids of growing bacteria, whereas higher concentrations were inhibitory. In contrast the incorporation of [14C]valine into bacterial proteins was inhibited by polyamines, even in low concentrations.
I N T R O D U C T I O N
The naturally occurring polyamines, spermine, NH,(CH,),NH(CH&NH(CH,),NH, and spermidine, NH2(CH2)3NH(CH,)4NH2, inhibit the growth of various microorganisms, mainly Gram-positive bacteria (Rozansky, Gurevitch, Brzezinsky & Eckerling, 1949; Rozansky, Bachrach & Grossowicz, 1954; Grossowicz, Razin & Rozansky, 1955) . Previous work has shown that the antimicrobial action is maximal at alkaline pH values (Rozansky et al. 1954 ) and that polyamines inhibit protein synthesis in growing bacteria (Razin & Rozansky, 1959; Friedman & Bachrach, 1966; Mills & Dubin, 1966; Ezekiel & Brockman, 1968) , in bacterial extracts (Hershko, Amoz & Mager, 1961 ; Mager, Benedict & Artman, 1962; Martin & Ames, 1962) and in mammalian cells (Goldstein, 1965; Ochoa & Weinstein, 1965) . On the other hand, RNA synthesis is stimulated by polyamines in low concentrations, while high concentrations exert an inhibitory effect (Doerfler, Zillig, Fuchs & Albers, 1962; Krakow, 1963; Fox, Robinson, Haselkorn & Weiss, 1964; Dykstra & Herbst, 1965; Goldstein, 1965; Mills & Dubin, 1966; O'Brien, Olenick & Hahn, 1966; Caldarera, Moruzzi, Barbiroli & Moruzzi, I 968 ; Moruzzi, Barbiroli & Caldarera, I 968 ; Petersen, Kroger & Hagen, I 968). Synthetic polyamines, resembling spermidine in their structure, behave like naturally occurring polyamines in that they stabilize RNA against thermal denaturation (Goldstein, 1966) and serve as growth factors for some lactobacilli (Guirard & Snell, 1964) .
The object of the present work was to test the effects of synthetic polyamines on growth and macromolecular syntheses in bacteria. It will be shown that these synthetic compounds resemble naturally-occurring polyamines in their bactericidal activity. This activity is dependent upon the number of free amino groups and on the length of the polyamine molecule. Bacteria and medin. Escherichia coli strain B and Staphylococcus aureus were grown in nutrient broth (Difco Laboratories, Detroit, Mich., U.S.A.). Antibacterial activity was determined by twofold dilutions in nutrient broth. To each dilution of the antibacterial agent (I ml.) was added 0.05 ml. of a diluted bacterial suspension containing 5 x 105 organisms/ml. Results were recorded after incubation at 37" for 20 hr.
RNA apzd protein synthesis. The incorporation of [2-14C]uracil into bacterial nucleic acids was determined by growing Escherichia coli in 20 ml. quantities of nutrient broth to 5 x 108 organisms/ml., whereupon radioactive uracil (1.2 pCi) and the required polyamine were added. At intervals, 2 ml. portions were withdrawn and added to 2 ml. 10 yo (w/v) trichloroacetic acid containing 0.01 yo (w/v) uracil. After standing in the cold for at least 30 min., samples were filtered through membrane filters (0.45 p, Millipore Filter Corp., Bedford, Mass., U.S.A.) which were then washed with 25 ml. trichloroacetic acid, dried, mounted on planchets and counted by a Nuclear Chicago thin window gas flow counter.
The incorporation of radioactive valine into bacterial proteins was similarly determined. Radioactive valine (6.8 pCi) and the respective polyamine were added to 20 ml. portions of the bacterial cultures. Two ml. portions were withdrawn at various times and added to 2 ml. 10% (w/v) trichloroacetic acid containing I yo (w/v) casamino acids (Difco Laboratories Detroit, Mich., U.S.A.). Filters were washed, dried and counted as above. 
RESULTS
Eflect on bacterial growth Spermine and spermidine, the naturally-occurring polyamines, are known to be antibacterial. To find whether this inhibitory action is common to a variety of polyamines, various synthetic polyamines were used. Synthetic polyamines were also used to determine the optimal structure for an antimicrobial polyamine. Staphylococcus aureus was more sensitive than Escherichia coli to the inhibitory action of the polyamines ; the tetra-amine spermine was the most potent antibacterial agent tested ( Table I) . It is also evident from Table I that the two primary amino groups were essential for the antibacterial action; the substitution of an amino group by a hydroxy radical, decreased the antibacterial activity significantly (compound no. 3). The methylation of the secondary amino group of a triamine resulted in a slight decrease of activity (see compound no. 4, 5). Results shown in Table I lead us to suggest that maximal antibacterial activity is obtained when the triamine contains a WN(CHJ7N-moiety. As expected, the antibacterial activity of the polyamines was dependent on the pH value of the medium and was maximal at alkaline pH values (Fig. I) .
Efect on macromolecular synthesis
The effect of polyamines on macromolecular synthesis was studied. Spermine, in low concentrations, stimulated the incorporation of [2-l4C]uraci1 into trichloracetic acid-insoluble material in growing Escherichia coli. Maximal stimulation was obtained with IOO pg. spermine/ml. Ribonucleic acid synthesis was inhibited by higher concentrations of spermine (Fig. 2) . It is noteworthy that RNA synthesis was stimulated by spermine in concentrations which inhibited growth. Similar results were obtained with the synthetic polyamine no. C 7, NH2(CH2),NH(CH2)7NH,; again, RNA synthesis was stimulated by the polyamine in low concentrations inhibited by larger concentrations (Fig. 3) .
When polyamines were added to growing cultures of Escherichia coli an inhibition of protein synthesis was noticed, even in the presence of low concentrations of polyamine. Spermine at IOO and 25 pg./ml. inhibited the incorporation of [1-14C]valine by 50 and I 5 %, respectively (Fig. 4) . Similar concentrations of spermine stimulated the incorporation of radioactive uracil into bacterial RNA (see Fig. 2 ). The synthetic triamine no. C7, exerted a similar inhibitory effect on protein synthesis in growing E. coli. Inhibitions of IOO and 75 yo, respectively, were produced by the polyamine in concentrations of 17 and 9 mg./ml. of medium (Fig. 5 ).
DISCUSSION
The results described in this paper clearly show that StaphyZococcus aureus, a Grampositive bacterium was more sensitive to the antibacterial action of polyamines than the Gram-negative Escherichia coli. This is in agreement with the results reported elsewhere for spermine and spermidine (Rozansky et al. 1954) . Although the tetraamine spermine was most effective in inhibiting the growth of S. aureus and E. coli, significant inhibitions of growth also resulted from addition of triamines. It appears that the number of the primary amino groups and the length of the aliphatic chains play a role in inhibiting bacterial growth. Thus, when one primary amino group of the 11-2 triamine was substituted by a hydroxyl group, a significant decrease of antibacterial activity was observed. However, the presence of a secondary amino group in the triamine molecule is not essential for growth inhibition. This is demonstrated by the fact that methylation of tlhe secondary amine caused only a slight change in antimicrobial activity. An aliphatic: chain with seven carbon atoms seemed to be optimal for the inhibition of the growth of E. coli. It is of interest that cadaverine (NH,(CH&NH,) was most effective in protecting protoplast-infecting agent against thermal inactivation (Fraser & Mahler, 1958) . This has been attributed to the N to N distances (7-3 A) in the cadaverine molecule which is similar to the:distances between the phosphate oxygens in the DNA molecule. Little is known about the mechanism of antimicrobial action of polyamines. Previous studies have shown certain similarities between the action of spermine on bacteria and that of another cationic antibiotic, streptomycin. Both agents are bactericidal, have early effects on protein synthesis and RNA synthesis as well as on potassium flux (Mills & Dubin, 1966) . These compounds are presumably bound to the ribosomes on identical sites (Mager et al. 1962 Davis, I 965) . However, the relationship between misreading, inhibition of protein synthesis and cell death has not been fully elucidated for streptomycin or spermine.
I -
The stimulation of RNA synthesis by polyamines (Fig. 2, 3 ) is in agreement with earlier findings that RNA accumulated in poly amine-inhibited cells (Pine, I 964 ; Goldstein, 1965) . Raina & Cohen (1966) showed that spermidine stimulated RNA synthesis in arginine-starved Escherichia coli strain I 5 TAU, which requires thymine, arginine and uracil for growth. They proposed that polyamines have a causal role in the control of RNA synthesis. It has, however, been claimed (Edlin & Broda, 1968) that the choice of E. coli strain ISTAU is not ideal because of the metabolic interrelationships of arginine, glutamate, putrescine and spermidine. Sparing of amino acids by polyamine in amino acid-starved bacteria has been offered as an alternative explanation for the: stimulation of RNA synthesis (Ezekiel & Brockman, 1968) Results reported in the present paper show that RNA synthesis was also stimulated in non-starved bacteria by the synthetic polyamine no. C7 which does not bear any known metabolic relationship with amino acids. This finding does not support a sparing of amino acids by a polyamine but would favour a direct effect of the polyamine on RNA polymerase (Fox, Gumport & Weiss, 1965) . It might also be explained by the stabilization of RNA and consequent protection against thermal denaturation (Goldstein, I 
